In this paper, we present a multi-faceted feasibility study for monitoring fluid movement in a reservoir at various injection times using 4D micro-gravity method. Simulations are performed using a representation of the Delhi Field, LA, constructed by directly integrating seismic and well data. We then analyze anomaly amplitudes and inversion performance with respect to data noise. Results demonstrate a strong likelihood of imaging bulk fluid movement over the life of the project, as well as at early stages of CO 2 injection into the thicker down-dip sequences within the reservoir. In contrast, there is a limited ability to recover fluid contact movement in the thinner up-dip regions of the reservoir.
Introduction
Gravity technology is continuously advancing towards cheaper and more accurate sensors capable of monitoring subtle time varying density changes during production and injection. As these technologies, along with survey design analysis and inversion algorithms continue to evolve, 4D micro-gravity proves increasingly viable as an additional tool for effective reservoir management. The method has become an effective, yet relatively cheap means of filling the gap of knowledge in-between the more costly 4D seismic surveys during injection/production stages, and over the longer term for monitoring final CO 2 storage.
In this presentation, we demonstrate a series of necessary procedures for conducting an effective feasibility study of CO 2 flood monitoring in 3D with time-lapse micro-gravity. The procedures we present for this feasibility study include: 1) Constructing a realistic 3D reservoir model from seismic and well data. 2) Generating a sequence of fluid contact movement scenarios based on planned injection patterns. 3) Analyzing data amplitudes over time to estimate when anomalies can be measured above the noise threshold. 4) Identifying appropriate inversion algorithms for the time-lapse problem based on available prior information. 5) Inverting the time-lapse data under varying noise levels to understand limitations of 4D gravity at the site. 6) Performing survey design analysis to reduce costs.
To illustrate the importance of the proposed methodology, we simulate density change from CO 2 injection over time at the Delhi Field, LA. We utilize relevant parameters for the reservoir as currently available, such as geometry, thickness, depth and porosity. We show that the time change in density contrast from CO 2 injection may be successfully recovered in certain regions and times, and depending largely on the level of noise contained within the data. 
Methodology
The feasibility study is divided into six components necessary to simulate the predicted gravity response over time, and to determine the recoverability of fluid movement through inversion.
Model construction from seismic and well data
We first construct the 3D reservoir model from seismic data defining the boundaries of the system. Geology of the site is available in Bloomer (1946) . We use seismic data provided by the Reservoir Characterization Project (RCP) at Colorado School of Mines to define the upper model region by the Clayton formation, and the lower region by the Paluxy sands. Seismic data were originally provided in time. We have converted them to depth by interpolating surface depths from well data across the individual layers. The data are presented in Figure 1 . To construct the 3D reservoir model, we convert the region into a mesh with 1.6 million cuboidal cells of constant value. The constructed density model (Figure2) nicely reproduces the Delhi Field geometry given available seismic data for the site. 
Generating time-lapse sequences with planned injector locations
In the second component of the feasibility study, we generate a sequence of time-lapse simulations to reproduce the predicted CO 2 expansion around the injector wells. Reservoir engineering simulations can greatly improve available time-sequence distributions of CO 2 movement. With the limited injection information currently available at this stage of the study, our simulations expand the CO 2 front symmetrically around the injector wells, keeping within the formation bounds defined by seismic data. The sequences of CO 2 injection are presented in Figure 3 .
To calculate the gravity response, we incorporate into the model a density contrast of -0.06 g/cm 3 based on average porosity of the site and density change from fluid substitution.
This value is consistent with other injection/production sites monitored or modeled with timelapse gravity method, such as Prudhoe Bay (Hare et al., 2008; Davis et al., 2008) , and the Norwegian North Sea Jotun Field (Krahenbuhl and Li, 2008) . The density value assumes piston-like sweep with full replacement of oil and water by injected CO 2 . When 3D distributions of porosity and saturation information become available, they can be easily incorporated into the modeling sequences presented in Figure 3 for improved density information.
Figure 3:
Time-lapse models to simulate gravity response as CO 2 is injected at six locations at Delhi. The panels show expansion of the CO 2 fronts out to radii of: a) 76m , b) 152m, c) 229m, d) 305m, e) 457m, and f) 762m.
3. Identifying gravity anomaly amplitudes to predict when the surface response can be measured We next calculate the predicted surface micro-gravity response from the time sequence of CO 2 injection simulations illustrated in Figure 3 . The data are not illustrated here for brevity; however, Table 1 summarizes the amplitudes of the surface response for analysis. In practice, a realistic expectation (or at least assumption) of noise contamination in surface micro-gravity surveys is 5.0-µGal. We therefore assume that data collections, with the exception of base-line measurements, are not required or desired until the predicted response is above that noise threshold.
With currently available parameters for this study, we identify that the CO 2 front should expand to a radius of at least 230 meters before detection is possible. With real- world expectation that piston-like sweep and full fluid substitution is not likely, this distance should be treated as a minimum. Improved reservoir simulations if 3D porosity and saturation information become available will naturally refine this component of the feasibility study. Two inversion approaches are well suited for the time-lapse gravity problem in this study. Both utilize density information appropriate to CO 2 injection and seek to resolve shape information or distribution of the anomalous region (swept zones). The first is surface inversions. These methods will assume a simple topology for the boundaries of the reservoir and known density contrast and construct the interface between the CO 2 front and oil/water. Examples of these approaches for salt body problems include Cheng (2003) and Jorgensen and Kisabeth (2000) . The methods have the advantage that they may directly input the known density contrast due to injection and provide a direct image of the CO 2 -oil/water contact.
A second approach is to implement a highly constrained generalized inversion approach, such as the binary formulation of Krahenbuhl and Li (2006, 2009) . For this study, the method enables us to incorporate density contrast values appropriate to the time-lapse problem, similar to the surface-based inversion, while retaining the flexibility and linearity of density inversions. When implemented for Delhi simulations, the swept regions take values of 1, indicating change in density from fluid flow, while nonswept zones will take on values of 0.
In this presentation we recover information on fluid contact movement as the CO 2 front expands by inverting the surface micro-gravity data using the later approach.
Understanding recoverability of CO 2 front through robust inversion in the presence of noise -Early injection time:
We first implement binary inversion with gravity data from an early stage of CO 2 injection. The radius of CO 2 movement from injectors is 305-m as illustrated in Figure 3d . We invert the data with varying degrees of noise to identify realistic expectations when inverting time-lapse gravity data at this site. We allow binary inversion to invert each data-set at least ten times, each with random starting points and search directions. The results of these separate inversions are then presented as an average of the parameter distributions to highlight which model features are consistent throughout the multiple solutions (required to fit the data) and those features which are varying. The results are illustrated in Figure 4 . Results of binary inversion (Figure 4 ) illustrate near-perfect recoverability of the expanding CO 2 front throughout the reservoir when minimal noise (1-µGal) is present in the data ( Figure 4b ). As noise level is increased incrementally, results in panels c)-f) demonstrate that recoverability of fluid movement significantly decreases within the thinner updip region of the reservoir. At 5 µGal noise, a realistic threshold in surface micro-gravity data, very little can be recovered around the northern (updip) injectors. Within the thicker layers to the south, the ten binary inversions nicely delineate the regions of fluid replacement around the wells.
-Later injection time: Next we perform ten binary inversions on the data simulated for CO 2 expansion to 762-m. The original model is presented in Figure 3f . The data are contaminated with 5-µGal noise, and the binary inversion results are presented in Figure 5 . The results are presented first as an average of the ten inversions in panel (a) to illustrate the features consistent throughout the separate solutions. In panel (b) we present a 3D plot of the variance for each model cell calculated from the separate inversions. Consistent with the previous inversion results for early time injection, Figure 5 demonstrates that bulk distribution of CO 2 movement can be imaged within the thicker sequences of the reservoir at later times. However, the limited storage capability within the updip section of the reservoir may not provide sufficient information in the surface data (above the noise threshold) to allow for successful monitoring with time-lapse micro-gravity.
6. Survey design analysis to balance field costs with monitoring effectiveness
The final step for implementing a feasibility study is identifying optimal survey design parameters prior to field activities. Data collections are often the most expensive component of 4D gravity monitoring efforts, and reducing the number of stations while maintaining resolution is imperative. In the current state of this feasibility study, we have simulated surface gravity data collected with a 50-meter uniform station spacing. This is a significant oversampling in practice, but appropriate for the first steps presented in our feasibility study.
As this project continues, we will present results of survey design analysis in the style of Davis et al. (2008) . It is likely that a nonuniform survey grid (e.g. Hare et al., 2008) will be required for the current study site, however optimal layout and spacing remains the final component to be addressed.
Discussion
In this presentation, we demonstrate a multi-component approach to performing practical feasibility studies for monitoring fluid movement in a reservoir based on the Delhi Field, LA. The methodology incorporates seismic and well data to generate realistic reservoir models. The approach then simulates fluid movement over time and analyzes the response in surface 4D micro-gravity data. Finally, the approach identifies inversion techniques appropriate to the time-lapse problem and analyzes their effectiveness in the presence of varying data noise. An algorithm well suited for the time-lapse micro-gravity problem is a binary inversion technique tailored to the specific site.
For the current state of this feasibility study, results demonstrate a strong likelihood of imaging bulk fluid movement over the life of the project at Delhi, as well as at early stages of CO 2 injection into the thicker down-dip sequences within the reservoir. In contrast, data and inversion results hint that 4D micro-gravity at Delhi may perform poorly in recovering fluid movement in the thinner up-dip regions of the reservoir. Figure 3f . The results are presented as a 3D distribution of the mean (a) and variance (b) calculated for each parameter from the ten separate binary inversions. 
